cess. This gamma value was selected through practical testing in mastering process. Although the reason (1) seems to be supported by a subjective evaluation experiment to decide γ = 2.6 of the DLP projector, it doesn't seem necessary in the reason (2) to adjust the slopes derived from both the Barten's contrast sensitivity function and gamma quantization. It is based on the fact that, in order to avoid pseud-contours resulted from the luminance quantization, the luminance differences created by one quantization step change should be within one JND (Just Noticeable Difference) over the entire dynamic range rather than the slope of gamma quantization matches to that derived from the HVS (Human Visual System).
On the other hand, we proposed how to decide the gamma value to make sure that the color difference artifact will not occur in the CIE 1976 L * a * b * uniform color space and a calculation method of the required quantization bit depth [5] . According to this method, the optimum gamma value is derived from a numerical evaluation, and the required quantization bit 
. BASIC EQUATIONS . Visual modulation from Barten model
The Barten's contrast sensitivity function [3] is given by Eq. (1). The following explanation of Eq. (1) is based on [2] . 
σ is the standard deviation of the line-spread function
σ 0 is a constant, C ab is the spherical aberration of the eye, and d is the pupil diameter described as
E is the retinal illuminance in Trolands. The equation
In Eq. (1), other parameters are defined as follows.
k : signal-to-noise ratio of the eye,
T : integration time of the eye, The parameters that Barten recommended for the calculation are listed below. It should be noted that Barten did not recommend a particular value of X 0 to use.
In [2] , it is agreed to use a value of 1.285 × 10 6 photons/sec/deg 2 /Td as the value of the parameter p.
Therefore, the factors that can be varied in a calculation are the frequencies, u, the luminance, L, and the field of view, X 0 . The product of u and X 0 gives the number of cycles in a pattern, and it is defined in the experiment of [2] as 13 cycles. Therefore, X 0 can be made a variable dependent on u:
Thus, Eq. (1) can be reduced to two independent variables, the luminance, L, and the spatial frequency, u. 4095 52 37
where (8) where the function f(w) is defined as follows. in the L * a * b * color space change by δ x , δ y , and δ z (these values are either -1, 0 or +1), respectively, the
, ,
Consequently, the color difference, ΔEab, is obtained as follows by computing the Euclidean distance between two points that are separated by ΔL * , Δa * , and Δb * in L * , a * , and b * directions, 
Moreover, let ΔL be a difference between L high and L low , and L ave be an average of L high and L low : 
The visual modulation, m, is determined by the representation of ΔL (i.e., gamma quantization). Firstly, we consider the required bit depth of the gamma quantization for which the minimum quantized luminance is 0 and the maximum quantized luminance is P considering the input luminance (L) range is defined by 0 ≤ L ≤ P. Thus, the quantized luminance is given by
where n is a quantization bit depth, k is a code value of the gamma quantization (0 ≤ k ≤ 2 n -1), and γ is a gamma value. Therefore, the luminance step, ΔL, corresponding to one code value difference is 
The visual modulation threshold, m, is computed using Eq. (19) for gamma values of 1.5, 2.0 2.6 and 3.0, and the results are shown in Fig. 2 together with that derived from the Barten model. In a relatively high luminance region, k is sufficiently greater than 1 for generally 2 n >>1, so that the following approximation can be derived for k>>1
and this leads to a modification of the visual modulation threshold, m, as,
Because we are considering m at the relatively high luminance region (k >> γ), Eq. (21) are approximately represented by
On the other hand, k is derived from Eq. (16) as Next, we consider the minimum bit depth for a given gamma value. This problem corresponds to finding a minimum bit depth with maintaining the graph of m for the gamma quantization always below that for the Barten model for a given γ within the concerned luminance range in Fig. 2 . In practice, the required bit depth should be an integer number, but we will search for it as a real number. To determine the required minimum bit depth, we perform the following steps:
1. Determine γ.
2. Determine an initial bit depth of integer value (e.g., 8 bits), and set the bit precision Δ = 1. 6. If Δ = 0.001, then this procedure is ended (i.e., the precision of bit depth we found have 3 digits below decimal point). If not, go back to Step 3 after setting n = n -Δ, Δ = Δ/10, and n = n + Δ.
The result obtained by the above procedure is shown in Fig. 3 (a) . This result coincides to that from Fig. 2, and it is obvious that the required bit depth decreases as γ increases. Fig. 3 (b) shows a critical luminance (i.e., a luminance that determines the required bit depth), and the critical luminance shifts to higher luminance as γ increases.
. Gamma quantization of limited luminance range
In this subsection, we consider a case that the gamma quantization is performed according to the dynamic range of the grayscale image. The quantized luminance, L, is given by
where n is a quantization bit depth, k is a code value of the gamma-quantization (0 ≤ k ≤ 2 n -1), ρ is a lowest luminance value, P is a highest luminance value, and γ is a gamma value of the quantizer. Therefore, the luminance step, ΔL, corresponding to one code value difference is 
From Eq. (30), h(k) and g(k) are the functions of k as follows. shows the minimum bit depth required against gamma value. The procedure to compute this bit depth is the same as that described in subsection 3.1. This result shows that the required bit depth decreases as the gamma value increases, which coincide with the result obtained in Fig. 4 (a) . Figure 5 (b) shows that the critical luminance shifts to higher luminance as monotonically as shown in Fig. 4 (b) when the gamma value increases.
. REQUIRED BIT DEPTH FROM COLOR DIFFERENCE MODEL
Although the required bit depth can be derived from the contrast sensitivity for grayscale images as If one of the tri-stimulus values, X, is normalized by its maximum value, the gamma-corrected value of the signal, x γ , is given by
where ρ and P are minimum and maximum values of X, respectively. This leads to the following equation by letting the signal dynamic range be Dr = P/ρ.
As the gamma-corrected quantization uniformly digi-
) with n bits, the quantization step size is given by
Substituting the tri-stimulus X signal into the luminance, L, in Eq. (26), we obtain
where k x is a code value of the quantizer (0 ≤ k x ≤ 2 n -1).
When the both sides of Eq. (45) of the movie films [7] , is employed in [5] , the following evaluations for the optimum gamma value and the required bit depth extend the dynamic rang to 10,000:1 as described in Section 2. The value of γ that gives the minimum quantization bit depth is different for various dynamic ranges, and this value is obtained by differentiating Eq. (48) with γ and searching γ that gives the minimum value of n. There is no essential meaning in the ordinate value in Fig. 7 though it shows the change in the differential coefficient of n with γ. It can be seen from the figure that the value of γ at which the differential coefficient becomes 0 (i.e., n is minimized) lies in the range of 2.9 to 3.0. For example, if we assume the optimum gamma value is γ = 2.9, the required bit depth derived from the Barten model for grayscale images in here shows that the required quantization bit depth for color images is not severe against that for the grayscale images, it can be thought that this result is significant to some degree because actual digital cinema employs color images. Moreover, it is verified that the requirement for DCDM bit depth of 12 bits, which is determined based on the subjective evaluation experiment, is sufficient based on the theoretical considerations using contrast and color different sensitivities.
